activities against the selected strain of Colletotrichum musae compared with the controlled group using benomyl as a traditional agrochemical fungicide.
Introduction
1-H-indazole-3-carboxylic acid (H 2 L) is a common moiety in the pharmaceutical industry and exhibits profound anticancer and antioxidant activities and other intriguingly therapeutic properties. To date, much effort has been devoted to design and synthesize a new structure of indazole carboxylic acid derivatives through molecular docking and chemical modification [1] [2] [3] [4] . However, only a few researchers focused on the property and application of its coordination complexes. The latest studies in H 2 L coordination polymers were reported by Gryca et al. [5] and Hawes et al. [6] . Therefore, we intended to synthesize three new cobalt coordination polymers with the combination of H 2 L and bipyridine compounds. The three cobalt-organic frameworks were characterized and described, namely, 3D [Co(HL − ) 2 2 (DPP) ] n (3) coordination polymers. Complexes 1-3 were synthesized using the main structural block of 1-H-indazole-3-carboxylic acid (H 2 L) assembled by the flexible ligands of 4,4′-bipyridine (BPY), 1,2-bis(4-pyridyl)ethane (BPE), and 1,3-bis(4-pyridyl)propane (DPP) , respectively. In addition, the antifungal activity of complexes 1-3 was evaluated against the fruit pathogen of Colletotrichum musae using the mycelium growth rate method. The experimental results indicated that Co compounds dissolved in N,N-dimethylformamide (DMF) under two concentrations (100 and 10 μg/L) inhibited fungal mycelium growth with varying degrees of effectiveness compared with the control. Complex 1 exhibited the most growth inhibition against C. musae [7] [8] [9] .
Experimental Materials and methods
All reagents were purchased from commercial sources and used without further purification. H 2 L was synthesized according to the literature [10] , and its crystal structure is illustrated in Fig. 1 . Elemental analysis for C, H, and N was conducted using a Perkin-Elmer 2400II elemental analyzer. Infrared spectra were recorded on an FT-IR spectrometer 6700 instrument with samples dispersed in powdered KBr in the range of 4000-400 cm −1 (abbreviation: vs, very strong; s, strong; m, medium; and w, weak). Cyclic voltammetry (CV) curves were measured using an advanced electrochemical workstation of Princeton Applied Research PARSTAT 2273. A conventional threeelectrode system was used. A glassy carbon electrode, AgAgCl, and Pt wire were used as working, reference, and auxiliary electrodes, respectively. Powder X-ray diffraction (PXRD) patterns were obtained on Rigaku MiniFlex 600 diffractometer instrument at the Faculty of Materials, University of Guangxi. The apparatus parameters were set at 20 kV and 20 mA with Cu Kα (λ = 1.5406 Å) radiation. Thermogravimetric analysis (TGA) was recorded on a Perkin-Elmer SAT-6000 instrument where the samples were heated on the surface of ceramic crucibles under constant N 2 flow (10 mL/min) at a rate of 5 °C/min.
X-ray crystallography
X-ray crystallographic data for complexes 1-3 were collected on a Bruker SMART CCD area detector at room temperature using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). The structures of complexes 1-3 were addressed using direct methods and refined by the full-matrix least squares on F 2 using the SHELXL-97 program [11] [12] [13] [14] . All non-H atoms were refined with anisotropic displacement parameters. The H atom was inserted at a geometrically calculated position and included in the refinement using the riding model approximation, Uiso (H) = 1.2 × Ueq (C). Moreover, the H atom of water molecule was assigned with isotropic thermal parameter setting at 1.5 times the associated O atoms. Crystallographic data and structure determination statistics are listed in Table 1 , and the selected bond lengths and angles for complexes 1-3 are represented in Table 2 . Furthermore, the PXRD patterns of complexes 1-3 were obtained using a Rigaku MiniFlex instrument (Cu-Kα radiation, scanning rate of 1°/min, 293.15 K). 
Synthesis and analytical data [Co(HL

Antifungal activity studies
The biological activities of complexes 1-3 and organic ligand molecules were evaluated using the mycelium growth rate method with potato dextrose agar [15, 16] . The strain Colletotrichum musarum was used as a test organism obtained from the Guangxi Academy of Agricultural Sciences in Nanning, Guangxi. The general procedure of the experiment is that the agar plates involving the blank and controlled groups were separately pretreated with DMF or test compounds dissolved in DMF. The plates were then inoculated by spreading 3 µL of a solution containing 1 × 10 5 spores/mL onto the agar surface and incubated in a growth chamber at 25 ± 1 °C. Inhibition of fungal growth was monitored several days after the treatment. Sensitivity of fungal species to each test compound was determined by comparing the size of the inhibitory zones (Table 3 ) drawn on Eq. (1), where R i and R C represent the spore percentages germinating within the treated and controlled samples, respectively [17, 18] . In addition, fungicide standard benomyl was used as a control at 2 mM in 4 μL of DMF. Table 1 Crystallographic data and details of experiments for complexes 1-3 all bond lengths and angles were within normal ranges [6] . In complex 1, BPY adopted an N-coordination mode, bridged the neighboring Co(II) cation, and formed overlapping linear chains with cationic charge. Furthermore, each two symmetrically distributed molecules of deprotonated H 2 L linked the center atom of Co(II) ion through the N2 and O2 heteroatom, constructed the 1D linear chain, and neutralized the charge of the linear chain. Mutually paralleled 1D chain motifs were reinforced through the π-π stacking interactions generated from two adjacent indazole blocks (Fig. 2b) . The metal-organic framework of complex 1 was further extended into an intricate 3D supramolecular network through helical H-bonding interactions (O3-H3A···O2) between the crystallization water molecule (O3) and non-chelating carboxylate groups of deprotonated H 2 L blocks (Fig. 2c) .
Crystal structure of complex [Co(HL
Complex 2 exhibited a crystallized structure in the monoclinic C2/c space group and a 2D metal-organic framework. The asymmetric unit included a Co(II) cation, a doubly deprotonated molecules of HL − , and one BPE flexible ligand, as depicted in Fig. 3a . The six-coordinated Co atom {CoN 4 O 2 } adopted a distorted octahedral geometry (τ 6 = 0.21) [19, 20] The flexible ligand of BPE positioned in the equatorial axis linked the two neighboring monomers through the pyridyl N atom to generate extended 1D zigzag chain motifs (Fig. 3b) . Furthermore, two mutually parallel linear chains were pillared through intermolecular H-bond interactions (N2-H2···O2) and gave rise to a 2D H-bonded layer in the linear motifs (Fig. 3c) . The metal-organic network of complex 2 was reinforced by a series of π-π stacking interactions between two adjacent indazole blocks (Fig. 3d) . Complex 3 revealed a crystallized structure in the triclinic P-1 space group and a 2D coordination network.
The asymmetric unit contained one metal cation Co(II) atom, two anion HL − moieties, and one DPP ligand molecule. As depicted in Fig. 4 , the structural composition and coordination mode {CoN 4 O 2 } of complex 3 were similar to those of complex 2, except that the higher flexibility ligand of DPP occurred in the BPE molecule in complex 2. Although complexes 2 and 3 were constructed from the same main building block and auxiliary ligand, the length modification and flexibility of the backbone chain -(CH 2 )-(n = 2, 3) exerted a slight effect on the polymeric structure embodied in the molecular distance involving H-bond and π-π stacking interactions. The distance of H bonds (N1-H1···O1 1.804(2) Å) and interchain π-π interactions (Cg1···Cg1A 3.646(2) Å, Cg1, and Cg1A are the centroid of the two adjacent aromatic rings of indazole blocks) in complex 3 was shorter than that of H bonds (N2-H2···O2 1.901(6) Å) and π-π stacking interactions (Cg2···Cg2A 3.805(8) Å, Cg2, and Cg2A defined similarly as Cg1) in complex 2 [21] . In addition, the elongated aliphatic (n = 3) chain along with the auxiliary ligand of DPP that acts as a linker increased the cavity size between the metal-organic networks and diminished the symmetry of complex 3 in the triclinic system compared with complex 2 in the monoclinic system.
IR spectrum
The IR spectra of complexes 1-3 showed the expected bands, revealing N-containing carboxylate ligand; bipyridine ligand molecules involving BPY, BPE, and DPP; and lattice water. As shown in Supplementary Figs. S1-3 , the strong board band in the range of 3550-3462 cm
was assigned to the O-H stretching vibration of lattice water [22] . The characteristic bands at 1605 cm −1 for 1, 1589 cm −1 for 2, and 1574 cm −1 for 3 may be attributed to the ν C=N stretching vibration of the indazole rings [23] . The bands at 2953 cm −1 for 2 and 2937 cm −1 for 3 could identify the existence of an aliphatic chain in the -(CH) n -(n = 2 or 3) group that resulted from the flexibility ligand molecules BPE and DPP. In addition, the strong absorption peak separately observed at 1632 and 1323 cm ) between the symmetric and asymmetric COO − stretching in complexes 1-3 was in good 4 Coordination environment of the Co(II) atom in complex 3 with thermal ellipsoids drawn at 30 % probability. H atoms were omitted for clarity and a symmetry code was used to label the equivalent atoms: A = x + 1, y + 1, z agreement with the μ1-η1:η0 coordination mode of the carboxylate groups in the μ-H 2 L moiety [24] .
Electrochemical behavior
Complexes 1-3 and H 2 L were illustrated using CV with a Pt working electrode at room temperature in 0.1 M LiClO 4 -MeCN solution [25, 26] . Two single-electron irreversible reduction waves were detected under N 2 ambience for complex 1. The former at potential values (Table 4) (II   red   ) . Furthermore, a repeated trial was conducted to clarify the influence of the reaction condition of detection under N 2 atmosphere or in air on electrochemical behavior. Interestingly, the former cationic wave I red vanished while being detected in air without bubbling N 2 . The curve of complexes 2 and 3 showed similar electrochemical behavior in air when detected under ambient conditions. No anodic waves were observed for every compound upon scan reversal. The electrochemical property of ligand molecule of H 2 L was also unveiled. A cathodic wave that occurred at the potential of −1.03 V was easily found. Furthermore, no obvious anodic waves have been monitored for H 2 L upon scan reversal. An integrated CV curve is shown in Fig. 5 .
The reduction potential (I red ) of complex 1 reflected that Co(III) compound could exist in acetonitrile solution. Nevertheless, the former cathodic wave easily vanished while being detected without any further inert gas protection through bubbling N. This wave repeatedly appeared when detected under N 2 atmosphere. This phenomenon manifested that complex 1 was an oxidant-hypersensitive substance that easily reacts with oxidant components, such as O [27] . Furthermore, no cathodic waves (I red ) in complexes 2 and 3 were observed, except the reduction wave (II red ). This finding showed that the auxiliary ligands BPE and DPP could stabilize complexes 2 and 3. In addition, the structural difference between complex 1 and complexes 2 and 3, in which abundant lattice water molecules permeated in the complex 1 cavity, may have resulted in these different electrochemical properties.
Thermal properties and PXRD analysis
TGA was conducted to complexes 1-3 to probe the thermal stabilities of coordination polymers 1-3 (Fig. 6 ). In the case of complex 1, the weight losses were observed to be as follows: ~11.05 % (calcd., 11.81 %), 48-150 °C, attributable to the loss of lattice water molecules. Decomposition of ligand molecules of H 2 L and BPE was achieved beyond 500 °C with 78.51 % (calcd., 78.53 %) mass loss. Finally, the residue was 10.21 % (calcd., 9.66 %), which was defined as CoO. Complexes 2 and 3 showed a similar variation trend involving a two-step weight loss process on account of the similar structural composition and coordination mode. A weight loss of ~55.87 % (calcd., 56.71 %) for complex 2 and ~55.04 % (calcd., 55.62 %) for complex 3 under 316-362 °C accounted for the loss of organic compound H 2 L. Furthermore, weight loss of ~31.02 (calcd., 32.58 %) and ~32.84 (calcd., 34.21 %) was initially observed at 375 and 390 °C, corresponding to the decomposition of auxiliary ligand molecules BPE and DPP, respectively.
The simulated PXRD patterns derived from the data of complexes 1-3 matched well with the experimental PXRD curve collected at room temperature (Fig. 7) , indicating that the structural integrity and phase purity in the synthesized materials were in good agreement with the as-grown crystals.
Antifungal activity studies
The ligand molecules and their cobalt chelates were individually tested in vitro using the mycelium growth rate method under two different concentrations (10 and 100 μM) to evaluate antifungal activity against C. musarum [16] . The inhibition rates varied (Fig. 8) . Compound 5 in vitro containing 10 or 100 μM 3.21 or 78.33 % fungal suspension, respectively, showed strong antifungal activities. Compound 6 containing 10 or 100 μM 57.46 or 62.07 % fungal suspension, respectively, and compound 7 containing 10 or 100 μM 47.27 or 51.16 % fungal suspension, respectively, demonstrated similar results. Compounds 1-4 showed comparatively weak activities against C. musarum growth at the highest concentration of 100 μM with 46.10, 32.70, 29.30, and 24.81 %, respectively. The experimental statistics showed that complexes 1-3 were more activated than their parent ligands against the same microorganism under the identical experimental conditions. The increasing antifungal activities of metal complexes were mainly attributed to the interaction between the metal ion and cell membrane. A reasonable illustration can be consulted in Tweedy's chelation theory [28, 29] . Chelations partly decrease the polarity of the metal core in consequence of partial sharing of its positive charge with N-or O-containing ligand molecules. Furthermore, the possible π-electron can be delocalized over the whole chelating ring. Such chelation effect can enhance the lipophilic character of the central metal atom, which subsequently promotes its permeation through the lipid layers of the fungus cell membrane. In addition, the outstandingly biological activities of Co complexes 1-3 may result from the formation of H bonds through the non-chelating carboxyl group and the heteroatom of indazole blocks with the active component of cell membrane. The general tendency of growth inhibition against C. musarum was observed in the following reactivity order: [Co(HL − ) 2 
Conclusion
In summary, three new structures of Co complexes assembled using the organic compound of indazole carboxylic acid and flexibility ligand of bipyridine and its derivatives have been successfully synthesized through the hydrothermal method. The coordination mode and supramolecular framework of complexes 1-3 demonstrated that the structural diversity mainly resulted from the auxiliary ligand and molecular interactions involving H bonds and π-π stacking. In addition, the study of the electrochemical behavior of complex 1 has a potential application in organic reduction reaction. Similar studies in our laboratory are currently underway using these characteristics of metal-organic compounds in the preparation of a novel organic catalyst. Moreover, research on antifungal activities indicated that the biological activity of Co(II) complexes can extend its application in preventing the growth of C. musarum, which causes serious fruit diseases in bananas and mangoes.
